Two-photon detuning and decoherence in cavity electromagnetically induced 

transparency for quantized fields 
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The interaction of a quantized field with three-level atoms in A configuration inside a two-mode 
cavity is analyzed in the small noise approximation, . The atoms are in a two-photon detuning 
with respect to the carriers of the field. We calculate the stationary quadrature noise spectrum 
of the field outside the cavity in the case where the input probe field is a squeezed state and the 
input pump field is a coherent state. The mean value of the field is unaltered in all the analysis: 
the atoms shows electromagnetically induced transparency (EIT). The effect of the atoms' base 
level decoherence in the cavity output field is also studied. It is found that the output field is very 
sensitive to two-photon detuning. 

PACS numbers: 42.50.Gy,42.50.Lc,42.50.Ar,42.50.Pq 



I. INTRODUCTION 

It was recently shown that a probe field, after interact- 
ing with atoms that show electromagnetically induced 
transparency (EIT), does not necessarily preserve the 
noise properties of an initially squeezed state. This was 
first shown for the stationary output field from a two- 
mode cavity filled with atoms in A configuration (see 
Fig. [I]) in a fully quantized model. In addition to the 
expected reduction of squeezing for frequencies in reso- 
nance with the normal mode splitting of the atom-cavity 
system, an interchange of noise properties between the 
squeezed state probe and coherent state pump field was 
found for frequencies for which the mean value of the 
field is unaltered (well inside the EIT transparency win- 
dow and the cavity bandwidth) 1]. In the case of an 
initially squeezed state propagating in an EIT medium, 
a similar result holds; in this case the interchange of the 
noise properties between probe and pump oscillates with 
the propagating distance @. In both cases the trans- 
fer of noise properties is maximum for equal strengths 
of the probe and pump fields. These results mean that, 
although the mean value of the field is unaltered, the 
quantum state is indeed altered by the interaction with 
EIT media. Except for the expected absorption due to 
the linewidth of the excited level, the transfer of noise 
properties is coherent: the squeezed state is transferred 
from the probe to the pump. As there are several pro- 
posals for applications that depend on EIT Q [3 H and 
because of the coherent nature of the interaction between 
the fluctuations of the probe and pump fields in a quan- 
tized model, it is important to understand all the char- 
acteristics of the interaction of quantized fields in EIT. 

In this paper we extend the study initiated in [l[ to 
include the case where both cavity modes have the same 
detuning from the atomic transition and to analyze the 
effect of decoherence of the base levels of the atom. Simi- 
larly to the case where both fields arc in resonance, when 
there is two-photon detuning, the mean value of the field 
is unaltered. Nevertheless, it is found that the noise spec- 



5 2 { 



|2>" 



n n 

...i 



15, 



|0> 



9, 



ID 



FIG. f : The atoms are in A configuration, Ti (I^) represent 
the radiative decay constant to state |1) (|2)). The probe 
(pump) field has a detuning 82 (Si) with respect to the cor- 
responding dipolar transition. Ti2 accounts for decoherence 
due to dephasing in the atom base levels. 



tra of the output field depend strongly on the two-photon 
detuning. We also studied the effect on the output field 
of decoherence in the base levels of the atoms. 

This paper is organized as follows. In Sec. |TT] we give 
a brief review of how the system equations are obtained 
and solved. In Sec. [TIT] we analyze the cavity output field 
for the case where the incoming probe field is a vacuum 
squeezed state and the probe mode is not driven. In 
Sec. IIVI we analyze the case where the probe mode is 
driven. In Sec. [V] we study the influence of decoherence 
of the atom base level on the cavity output fields. Finally 
we present our conclusions in Sec. IVII 



II. CAVITY OUTPUT FIELD EQUATIONS 

Consider the case of N three-level atoms in A config- 
uration inside a cavity that sustains two modes of the 
electromagnetic field. The annihilation field operators 
for each mode are denoted by a\ and <Z2- Each mode di 
has a detuning 8i with respect to the transitions between 
level \i) and |0), i = 1, 2. We will work with a two-photon 
detuning, S± — 82 = 8. The atomic system equations are 
given by [l[ 
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^S 2 i = -r i2 S2i - «.9i a[t, w + ig 2 t> 01 a 2 , (le) 

where Sy = X)fe=i ^fj are ^he collective operators that 
represent the sum of individual atomic operators afj — 
\i)(j\ k associated with the k th atom. 

Each intracavity mode interacts with its own collec- 
tion of modes in the outside field. This means that ei- 
ther they have different polarizations or their difference 
in frequency is large. Using input-output theory Q to 
relate the inside field with the outside field we obtain the 
following equations for the intracavity modes [l[ 



d 



dt ai(t) = -ipiSio(t) - yai(t) 
-^-a 2 (t) = -ig 2 ^2o(t) - y«2(*) 



71 aiin(*) , 
7ia2in(t), (2) 



where 7^ is the decay rate of cavity mode i = 1,2. The op- 
erators a iin (t) = -1/v^tt /_°° 00 (iwe^' f ~ to '6,(to,w) rep- 
resent the field entering the cavity. The operator bi(to, to) 
represents the outside mode associated with cavity mode 
i at the initial time to and frequency to. We will call the 
outside field associated with the modes labeled by index 
i = 1 (i = 2) the pump (probe) field. The outcoming field 
is given by a mut (t) = l/V^F dw e^t-tOg.^, to). 

The operators bi(t\,to) represent the outside mode as- 
sociated with the cavity mode i at time t\ > to and 
frequency to. All the operators are in a reference frame 
rotating with the corresponding cavity frequencies. The 
laboratory frame notation can be obtained by the trans- 



formation Sn, 



.jQj — t->oj exp [— i8j — ijj). Due to the rotat- 
ing frame, the spectrum frequency to will represent the 
detuning from the cavity frequency. The incoming and 
outcoming fields are related by 



The Langevin fluctuation operators F's are assumed 
to be delta correlated, with zero mean: 

<4>=0, (4) 



(F x (t)F y (t'))=D xy S(t-t'), (5) 

where x and y label the fluctuation operators. 

The atom diffusion coefficients D xy can be obtained 
using the generalized Einstein relations • The nonzero 
diffusion coefficients are given in [l[. 

We will consider the following initial conditions for the 
incoming field. For frequencies different from the intra- 
cavity frequencies, each mode outside the cavity is, for 
the probe field, a 9 = quadrature vacuum squeezed 
state and, for the pump field, a vacuum state. When the 
frequency is equal to the probe intracavity frequency, the 
initial condition is, for the probe field, a 9 = squeezed 
state (mean value different from zero) and for the pump 
field a coherent state. 

Defining the field quadrature 9 for the field i and fre- 
quency to as 

Yi 9 (w, f) = U (w, t) exp (iO) + b\ {to, t) exp (-iO) , (6) 

we have that, for the given initial conditions, the 9 = 
quadrature noise operator for the probe field is, 

AY 2e (uj,t = to) = ((Y iB (u,t )- (Y ie (Lo,to))) 2 ) 
= e~ 2r cos 2 9 + e 2r sin 2 9, 

and AYig(io,t = to) = 1 for the pump field, where r > 
measures the maximum level of squeezing of the 9 = 
quadrature. 

That means that the outside modes are initially in a 
vacuum, which can be squeezed, except for the resonant 
modes with the cavity which can be in a squeezed state 
but with field mean value different from zero. We will 
chose that value in such a way that inside the cavity we 
have (cij) = 04. 

The system of Eqs. (JXJ) , and © is transformed to 
c-number equations and solved for the stationary case in 
the small noise approximation. The method is described 
in detail in [8( for two-level systems. A similar system 
(the resonance case without decoherence) is discussed in 
P}. We will suppose ri = T 2 = V and 71 = 72 = 7. 
We will concentrate on the case 5 > and to > 0, the 
negative case being symmetric. 



III. PROBE FIELD IS A SQUEEZED VACUUM 



Olin(f) + fllout(i) 

a 2 -m(t) + a 2ont (t) 



7iai(t) 

l2CL 2 (t) 



(3) 



In this section the probe mode of the cavity is not 
driven, its mean value being (a 2 ) = 0. The pump mode 
is driven and has (ai) = a. 
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A. Numerical results 

The results for the output field, although analytical, 
are to big to give here. In order to gain insight into 
the behavior of the cavity output field we will plot it for 
different detunings. 

In Fig. [5] we plotted the 8 = quadrature of the field 
2 for different detunings. When S = we obtain a re- 
duction of the incoming squeezing for some observation 
frequencies u>. We will call the peak of these frequencies 
tus=o- This reduction of squeezing is due to the normal 
mode splitting of the atom-cavity system. When 5 in- 
creases, we observe that the one peak shown for the case 
S = develops into a double peak (see the plot for S = 2T 
and (5 = 4T). One of the peaks is for an observation fre- 
quency lu < los = o and with a height larger than the other 
peak for lu > u>g=o- For 6 even greater, the position of the 
peak for lu < lu$=o approaches lu = and the maximum 
of the peaks no longer shows noise squeezing. This can 
be seen in Fig. 



3(a) 



For the case 5 = 100r the excess 
noise is approximately the same as the initial condition 
for the 8 = n/2 quadrature. In Fig. |3(b)| we plotted the 
8 = tt/2 quadrature. In this plot we can see a reduction of 
noise for the same frequencies where we have an increase 
of noise for the 8 = quadrature. For the case where 
S = I00r the 8 = tt/2 quadrature of the output field 
shows squeezing, the numerical value is approximately 
the same as the initial condition for the 8 = quadra- 
ture. This result, together with the excess noise shown 
by the output field for the 8 = quadrature, may lead us 
to suspect that for that frequency we have a tt/2 rotation 
of the initial condition. For frequencies S < 100r we have 
a similar behavior but the rotation is not complete. 

The maximum position for the peak for lu < los = q in- 
creases with the number of atoms, N, and diminishes 
with increasing two-photon detuning S. 

In Fig. [4]we show what happens with the peaks for lu > 
^5=0- We can see that, as S increases, the observation 
frequency for these peaks also increases and its height 
diminishes. The frequency observation of these peaks 
also increases with N. 



B. Analytical results 

In order to find analytical expressions for the extremal 
position, we Taylor expand the field in 7. Comparing 
the term of order 0(7) with the term of order 0(7 2 ), 
we conclude that the expansion is valid for 7 <C F and 
k> > \J g 2 N . This expansion allows us to find the position 
of the extremum for 10 > lus=q ■ For that extremum, the 
peak is located for 



= - (S+^AVL 2 + ANg 2 + 8 2 



LO >r 



(7) 



In the case of N two-level atoms inside a cavity, it is 
known that the absorption spectrum has a peak for fre- 
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FIG. 2: Output probe field fluctuations for the 8 = quadra- 
ture in cavity EIT as a function of two photon detuning, 
61 = 82 = 8 . The incoming probe field is in a broadband 
squeezed vacuum state. The pump field is in a coherent state. 
The position of one maximum increases with 8 and is due to 
the expected normal splitting of energy in the atom+cavity 
system. The position of the other maximum decreases with in- 
creasing 8 and the noise increases. Parameters: g = — 0.005F, 

fii = r, n 2 = 0, 7 = .06r, n = 1000000, r = 2. 



quency \ (5 + yjANg 2 + 5 2 ^j 9] . This frequency corre- 
sponds to the vacuum Rabi splitting for N atoms inside 
the cavity. As we expect that for large detuning of the 
probe field the three-level atoms behave similarly to two- 
level atoms, we can interpret the frequency Lu >max as the 
usual absorption peak for two-level atoms inside a cavity, 
modified by the presence of an external field (the pump 
field). 

In order to obtain analytical results for the position 
and value of the peak for lu < lu$ = q, we use the numeri- 
cally observed fact that the position of this peak increase 
with N and decrease with increasing 5. We write then 
8 = XN and take the limit N — > 00. We obtain 



m' 



e- 2r (cos(0) (S 2 C (4lu 2 + 1) - 4) - 4sin(0),5 c ) 2 
+e 2r (4cos(8)S c + sm(8) (S 2 (4lu 2 + l) - 4))' 



where 



M = 16 + (Alu 2 + 1) 6i + 8 (1 - Alu 2 ) 8 2 , 



(8) 



lu = cj 7 7, S c = S C and the cooperativity parameter C = 
g 2 N/j. When 8 = the maximum is located at 



wx /~/ = ± 



V^S 2 
25 c 



(9) 



if <5 C < 2 and Lu <ma x — if S c > 2. To see the validity of 
the former limit for a given 5, we study the expansion of 
the output field in the parameter l/N. Comparing the 
order with the order 1 for Lu <maxi it can be seen that 
the limit is valid when 7<f and S 2 ^> ACT. 
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FIG. 3: Output probe field fluctuations for the 9 = (a) 
and 6 = n/2 (b) quadratures in cavity EIT as a function of 
two-photon detuning S. For 5 ~ 100r the minimum in the 
6 — 7r/2 case is squeezed and corresponds to the initial probe 
condition with the quadrature rotated by 7r/2. Parameters: 
g = -0.005r, Hi = T, n 2 = 0, 7 = .06F, TV = 1000000, r = 2. 



FIG. 4: Same as Fig. [3] for spectrum frequency > 20. It 
can be seen how for S > 30F the effect of the normal splitting 
resonance frequency is very small. Parameters: g = — 0.005r, 

Qi = r, n 2 = o, 7 = .06r, n = 1000000, r = 2. 



IV. PROBE FIELD IS A SQUEEZED STATE 



The value of the 9 quadrature for this maximum is In this section, the incoming squeezed and coherent 

states which are resonant with the respective probe and 
pump modes of the cavity, are such that (0,2) = (Si) = a. 



AY 2 e 2 (u<ma X ) = cos 2 (8)e 2r + sm 2 (9)e- 2r . 

A. Numerical Results 



The previous equation means that in the limit N — > 00 
the effect of two-photon detuning in a cavity-atom system 
is to rotate by tt/2 the initial condition for the frequency 

We interpret the peak at frequency uj <max in the 
following way. For each interaction of the field with 
the atoms, a small rotation of the maximum squeezed 
quadrature happens. This rotation is explained by the 
phase gained by the field induced by the two-photon de- 
tuning [l(|. The velocity of this rotation depends on 
the two-photon detuning and spectrum frequency. The 
frequency positions ui< ma x correspond to the frequencies 
where the buildup of the rotation is maximal. 

In summary, the spectrum at uj >max is explained by 
the energy splitting due to the cavity-atom system (this 
splitting increases with atom number and detuning) . The 
spectrum at uj< m ax is explained by the phase gained by 
the field due to two-photon detuning. 



In Figs. \5\ and [5] we plot the 9 = and 9 = tt/2 quadra- 
tures of the output field. When w/T > 1/4 the extrema 
found have a qualitatively similar behavior to that stud- 
ied in the previous section, namely, the extremum found 
for 6 = around uj/T 5 divides into two as 6 increases. 
The location of one of these extrema increase with 5 (not 
shown in the plot) and the other decreases. We will fo- 
cus on the case of spectrum frequency u) < los=o- Unlike 
in the squeezed vacuum case, we can see from the fig- 
ures that the pump field also has an increase of noise. 
For 5 > 1 the maximum noise is given by approximately 
e 4 /4 instead of e 4 as in the vacuum squeezed case. In 
the next section we will obtain an analytical expression, 
valid for some parameters, for the positions and values 
of these extrema. For u>/T < 1/4 we observe the inter- 
change of squeezing described in [l[ for (5 = 0. It can be 
seen that, for the parameters in the figures, this inter- 
change of squeezing apparently does not depend on the 
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FIG. 5: Output probe (a) and pump (b) field fluctuations 
for the 6 = quadrature in cavity EIT as a function of two- 
photon detuning 5. The probe field is in a broadband vacuum 
squeezed state except for the resonance mode with the cavity. 
The pump field is in a coherent state. For to in the vicinity of 
zero, it can be observed how the transfer of squeezing between 
the probe and pump fields does not depend on 8. For ui/T > 1, 
a maximum, whose frequency decreases with increasing 8, can 
be seen in the pump and probe output fields. Parameters: 
g = -0.005r, fii = Q.2 = T, 7 = .06r, N = 1000000, r = 2. 

two-photon detuning 5. We found that this is true until 
5 is so large that the excess noise peak enters the do- 
main of the frequencies where we had the interchange of 
squeezing. In the next section we will better characterize 
this behavior. 



B. Analytical Results 

In order to find analytical expressions for the extremal 
positions, we Taylor expand the field in 7. Comparing 
the term of order 0(7) with the term of order 0(7 2 ), 
we conclude that the expansion is valid for 7 -C T and 
c > y/ g 2 N . This expansion allows us to find the position 
of the extremum for c > lus=q . For that extremum, the 
peaks are located at 

u >max = l( S + V^ 2 + 4^Vff 2 + & 2 ) ■ 

In order to obtain analytical results for the positions 
and values of the peaks for u < u>s=o, we use the nu- 
merically observed fact that the positions of these peaks 



FIG. 6: Same as Fig. [5] for 8 = 30F, 40V, 50F. 

increase with N and decrease with increasing 5. We write 
then 6 = XN and take the limit N — > 00. For the 6 = 
quadrature we obtain (the expression for all quadratures 
is too large to write here) 

AY 292=0 (lo) = ij 

4e 2r (4c 2 + 1) 5l + 4 ((4c 2 + l) S 2 C + 4) + 

e- 2r ((4c 2 + if St - 32 (4c4 + c 2 ) <5 2 + 64c 2 ) J , 

where 

R = (1 + 4c 2 ) M . 

To see the validity of the former limit for a given 6, we 
study the expansion of the output field in the parameter 
1/N. Comparing the order with the order 1 for uj <max , 
it can be seen that the limit is valid when 7 <C T, S 2 ^> 
4CT, and C7 > Q 2 . 

When the term proportional to e 2r is much larger that 
the other two, the spectral frequency for the extremum 
is given by Eq. ([9]). Substituting this extremum in the 
expression for the quadratures of the field, AYig(uj <max ), 
we obtain 

max 

i ((e~ r + e r ) 2 + (-e- 2r + e 2r ) cos(0) sin(0)<5 c ) . 

(10) 
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The previous equation, valid for 6 C < 2, summarizes 
the most interesting behavior of the interaction of a 
broadband probe squeezed state with a pump coherent 
state in cavity EIT. The characteristics of the station- 
ary output field, for spectral frequency w <maa; , are as 
follows, (i) The probe maximum squeezing quadrature 
is rotated, from the 9 = quadrature, corresponding to 
the initial condition, to 9 = 3ir/4. (ii) The probe field 
is no longer a minimal uncertainty state, (iii) The pump 
field is also squeezed. In fact, the quadrature spectrum 
of the pump field is equal to the quadrature spectrum 
of the probe field rotated by ir/2. We explain these re- 
sults as a combination of quadrature noise rotation due 
to two-photon detuning, as explained in Sec. IIII( and in- 
terchange of noise properties between pump and probe, 
as explained in 

It is known 1] that the frequency where 
the exchange of squeezing happens is u) sq = 
lg a/{y/2yJg 2 N/T + 2g 2 a 2 ). We can guess then that, 
as long as S is such that uj max 3> u> sq , the interchange 
of squeezing for frequencies inside the cavity linewidth 
is unaffected by the two-photon detuning. We could 
not find an analytical probe of this hypothesis but we 
checked it numerically for the parameters in the figures. 

We explain now the transfer of squeezing, between 
probe and pump fields, that takes place in the spectral 
frequency u> sq . In order to understand this phenomenon, 
we recall what happens in the case of Gaussian states 
propagating in EIT media Q. For this case, there is a 
transfer of squeezing between the pump and probe field 
as a function of spectral frequency and propagation dis- 
tance. When the spectral frequency is the same as that 
of the driven fields, nothing happens. This the reason 
why, in the cavity, although the field interacts several 
times with the atoms before leaving the cavity, nothing 
happens for uj = 0. When the spectral frequency is de- 
tuned with respect to the driven frequency, transfer of 
squeezing starts to happen. What we obtain for the cav- 
ity output field is the transfer of squeezing that builds 
up during the several times the field interacts with the 
medium as it bounces between the cavity mirrors. As 
the spectral frequency increases, the transfer of squeez- 
ing increases, but at the same time, due to the frequency 
width of the cavity (7), the mode associated with this 
frequency interacts less with the atoms. The frequency 
where the maximum of the transfer of squeezing hap- 
pens, uj sq , is the result of an equilibrium between both 
processes. For small detuning, the distance scale of the 
rotation of the maximum squeezed quadrature is larger 
than the scale of the transfer of squeezing. This explains 
why small detuning does not affect the buildup of the 
transfer of squeezing. 

As noted before, the effect of the quantum field-atom 
interaction, for the output field spectrum at frequency 
^><maxi given by Eq. (|10p . can be viewed as the combina- 
tion of rotation of the quadrature of maximum squeezing 
with interchange of noise properties between probe and 
pump fields. 



V. DECOHERENCE OF ATOM BASE LEVELS 
A. Probe is a squeezed vacuum 

When the probe is a squeezed vacuum, the mean value 
of the output field is the same as the mean value of the in- 
put field and the mean values of the dipole operators are 
zero. So there is no fluorescence. The decoherence be- 
tween the base levels of the atoms (ri2 ^ 0) affects only 
the statistical properties of the incoming field, namely, 
degrading the maximum squeezed quadrature. In order 
to see this we start discussing the case where the spec- 
tral frequency is the same as the two-photon detuning 
(u> = 0). Substituting a 2 = but allowing Ti2 7^ in the 
system equations, we found the following expression for 
the 9 = quadrature: 

AY 2 92 =o(u J = 0) = ij (^Qe 2r C 2 8 2 T\ 2 + 

e - 2r (n 4 - ac 2 t\ 2 + 2fj 2 rri2+ 

(r 2 + s 2 ) r 2 2 ) 2 ^ + |sct 12 (n 2 + rr 12 ) , (11) 

where 

b = s 2 r 2 12 + (n 2 + 2CTi 2 + rri 2 ) 2 . 

The 7r/2 quadrature, AY 2 g 2=v ^ 2 , has a similar expression 
but with r substituted by — r. 

Due to the term e 2r , we identify the first term of 
Eq. (fTTj) with a 7r/2 rotation of part of the noise of the 
7r/2 quadrature initial condition. It is known that the 
field emitted from a medium has a phase of it/ 2 with 
respect to the incoming field. The fact that part of the 
7r/2 quadrature incoming noise is rotated to 9 = noise 
is already known from the fluorescence of two-level atoms 
[TTI | . The novelty here is that there is no fluorescence (the 
mean value of the field is zero) but there is still trans- 
formation of noise from the it/ 2 quadrature to the 9 = 
quadrature. This transformation of noise is proportional 
to the two-photon detuning, being zero when 5 = 0. The 
other two terms of Eq. pip are different from zero when 
S = 0; we interpret them as degradation of squeezing due 
to the interaction of the squeezed state in media subject 
to decoherence. 

For u) > 7 we could not find numerically any significant 
difference from the plots of Sec. IIIII due to decoherence 
in the base levels. 



B. Probe is a squeezed state 

Here we analyze the influence of the atom base level 
decoherence (Fi 2 7^ 0) in the cavity output field. We 
compare our result with the cavity output field studied 
in Sec. El 
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We could not find analytical solutions; we carry out 
our study numerically. The parameters not specified in 
this section are the same used in Sec. ITvl 

For oj > 7 wc could not find any significant differ- 
ence from the plots in Sec. IIVI due to decoherence in 
the base levels. The biggest values of Ti 2 we use are 
approximately the ones that turn the system equations 
unstable. For the parameters in the plots, this value is 
around Ti2 = T/210. This means that the special char- 
acteristics found in the previous section for spectrum fre- 
quency 0J <max , namely quadrature rotation and noise in- 
terchange between probe and pump, are not sensitive to 
base level decoherence, as long as io <max > 7. 

For oj < 7 we found that the transfer of squeezing 
between the probe and pump is destroyed for very small 
Ti2. This is shown in Fig. [7] (compare with Figs. [5] and 
[6] for oj < 7). As can be seen in the figure, for Ti2 of 
the o rder of Ti2 = 0.0005r, the pump quadrature [Fig. 
|7(b)| does not show any squeezing. We explain this in the 
following way. As 02 = «i, the effect of decoherence is to 
break the dark state and some fluorescence comes from 
the atom (the emitted field is different from zero [12]). 
The cavity forces the atoms to emit photons inside its 
linewidth. This fluorescence destroys the noise properties 
of the squeezed state for frequencies inside the cavity 
linewidth (oj < 7). 

The two-photon detuning also has a huge effect in de- 
stroying the transfer of squeezing between the probe and 
pump fields. We show this in Fig. [5] We use a value 
of the decoherence rate (Fi2 = T/IOOOO) for which the 
transfer of squeezing is almost unaffected for 5 = 0. We 
plot then the probe and pump 9 = noise spectra for 
5 = 0, 2r, 5r. Remember that for Ti2 = the cases 
5 = 2r, 5r would be similar to the 6 = case. It can be 
observed in the figure how, unlike in the case Ti2 = 0, 
the noise strongly depends on S, and increases for all fre- 
quencies if 5 increases. 



VI. SUMMARY AND CONCLUSIONS 

We have studied the output field of a two-mode cav- 
ity sustaining two-photon detuning (6x = #2 = 5; see 
Fig. [TJ with N atoms in A configuration. The atoms 
show EIT, and the mean value of the field is practically 
unaltered by the interaction of the cavity+atom system. 
Nevertheless, there is a coherent alteration of the incom- 
ing noise properties in the output field. This alteration 
depends strongly on the two-photon detuning and the 
mean value of the modes inside the cavity. Decoherence 
tends to destroy the quantum properties of the state (i.e., 
the squeezing) for frequencies inside the cavity linewidth. 
The particular characteristics of the output field are as 
follows. 

In the case of an incoming coherent pump and a vac- 
uum squeezed probe, the output pump field remains 
coherent but the output probe field suffers large alter- 
ations with respect to the incoming broadband vacuum 
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FIG. 7: Output probe (a) and pump (b) field fluctuations for 
the 8 = quadrature in cavity EIT as a function of base level 
decoherence Ti2. The probe field is in a broadband vacuum 
squeezed state except for the resonance mode with the cavity. 
The pump field is in a coherent state. It can be seen how 
the transfer of squeezing between the probe and pump field is 
very sensitive to Ti2 .Parameters: g = — 0.005r, fli = Q.2 = T, 
7 = .06r, N = 1000000, r = 2. 



squeezed state. In addition to a frequency [see Eq.flTJ)] 
where absorption of squeezing is expected due to nor- 
mal splitting of the cavity+atom system, we found that, 
for a spectral frequency which decreases with increas- 
ing 6 [see Eq.©], the quadratures of the output probe 
field shows a partial rotation of the incoming quadrature 
probe field. In some cases, <5 2 3> 4CT, this rotation can 
be complete and the incoming 9 = quadrature squeezed 
field is transformed into a 9 = it/2 quadrature squeezed 
field. The effect of decoherence is, in addition to degrad- 
ing the incoming vacuum squeezed state, to rotate part 
of the incoming 9 = ir/2 quadrature noise to the 9 = 
quadrature for frequencies inside the cavity linewidth. 

In the case where the cavity probe mode is also pumped 
and both modes inside the cavity have the same strength, 
both modes suffer large alteration with respect to the in- 
coming quantum state. In the case of oj > 7, the output 
field has a maximum which decreases with increasing S. 
Nevertheless we no longer have a rotation of the quadra- 
ture of the incoming field as in the previous case. When 
S 2 3> 4Cr and C7 3> ti 2 , the characteristics of the sta- 
tionary output field, for spectral frequency oj <max , are 
that (i) the probe maximum squeezing quadrature is ro- 
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FIG. 8: Output probe (a) and pump (b) field fluctuations 
for the 8 = quadrature in cavity EIT as a function of two- 
photon detuning 5 when there is decoherence in the atom 
base levels. Unlike the case Ti2 = 0, here it can be seen how 
the output field strongly depends on two photon detuning. 
Parameters: g = -0.005r, fii = fi 2 = r, 7 = .061", N = 

ioooooo.r 12 = 1710000 



tated, from the = quadrature, corresponding to the 
initial condition, to 9 = 3tt/A; (ii) the probe field is not 
longer a minimal uncertainty state; and (iii) the pump 
field is also squeezed. In fact, the quadrature spectrum 
of the pump field is equal to the quadrature spectrum 
of the probe field rotated by ir/2. We explain these re- 
sults as a combination of quadrature noise rotation due to 
two-photon detuning and interchange of noise properties 
between pump and probe. 



When u> < 7 the transfer of fluctuation between probe 
and pump is unaltered by the two-photon detuning as 
long as uJmax > 7- Nevertheless, the combination of 
decoherence and two-photon detuning has a large effect 
in the field fluctuation for frequencies inside the cavity 
linewidth, destroying the squeezed state for small T^. 



Our results shows, that interaction of quantum fields 
in cavity EIT is a much richer phenomeno than believed, 
and that the quantum nature of both fields, probe and 
pump, should be taken into account when dealing with 
cavity EIT. 
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